Improvement in accuracy of diagnosis of carotid artery stenosis with duplex ultrasound scanning with combined use of linear array 7.5 MHz and convex array 3.5 MHz probes: validation versus 489 arteriographic procedures1 1Competition of interest: none.Published online Mar 6, 2003.  by Leonardo, Giuseppe et al.
Improvement in accuracy of diagnosis of carotid
artery stenosis with duplex ultrasound scanning
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convex array 3.5 MHz probes: Validation versus
489 arteriographic procedures
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Objective: Validity of a method to improve the accuracy of carotid artery duplex scanning was tested in comparison with
arteriography.
Study Design: In 489 patients who had not previously undergone arteriography, 978 carotid arteries were examined with
duplex ultrasound scanning. In method A, a linear array 7.5 MHz transducer with pulsed-wave 4.7 MHz Doppler
scanning was used. For the diagnosis and grading of carotid stenosis, peak systolic and end-diastolic velocity of the
Doppler waves were recorded. Method B consisted of complete ultrasound imaging and color-flow mapping with a
convex array 3.5 MHz transducer with pulsed-wave 2.8 MHz Doppler scanning in all patients who had previously
undergone method A. Further velocity measurements were performed at the sites of stenosis. The results of methods A
and B were compared with data from neurologic assessment and arteriographic studies.
Results: Method B showed significantly higher diagnostic agreement with arteriography than did method A (K 95%
confidence interval [CI], 0.87-0.93 vs 0.79-0.85; P < .05), and the number of mistakes in grading stenosis was
significantly lower (primarily because of decreased overestimation) in patients with internal carotid kinking (>60 degrees
of angulation) (P < .05), distal stenosis (>20 mm from bifurcation) (P < .01), or wide acoustic shadowing (>1 cm) (P <
.01) and in those without these conditions (P < .05). Compared with arteriography, diagnostic accuracy with the new
method proved higher for carotid stenoses 50% or greater, 60% or greater, 70% or greater, and 80% or greater; no
statistically significant difference was found for carotid stenosis 96% or greater or for carotid occlusion. Compared with
data from neurologic assessment and arteriography, method B proved more accurate than method A in designating
patients for carotid endarterectomy (P  .014).
Conclusions: The new method significantly improved diagnostic reliability of duplex ultrasound scanning, especially in
carotid arteries with kinking, distal stenosis, or wide acoustic shadowing (32.2% of all arteries studied). In clinical
practice, we suggest additional use of a lower frequency transducer in cases in which these three conditions are found or
suspected at first scanning. (J Vasc Surg 2003;37:1240-7.)
The importance of detecting and grading symptomatic
and asymptomatic internal carotid stenoses has been
pointed out in surgical trials.1-4 Those studies, which dem-
onstrated that severity of carotid stenosis is a fundamental
criterion for surgical intervention, were based on use of
arteriography. In the last decade ultrasound duplex scan-
ning has replaced arteriography in screening for carotid
disease5-11 and in indications for endarterectomy. Invasive
diagnostic methods are necessary in only a small proportion
of patients, mainly because of poor quality or inadequacy of
duplex scans.6-10
Although the accuracy of ultrasound duplex scanning
in diagnosis of carotid stenosis is satisfactory,9,12-14 further
improvement should be pursued. Even small variations in
sensitivity and specificity can significantly affect outcome
and economic implications in management of cerebrovas-
cular disease.6-9 We describe a method to improve diagnos-
tic accuracy of duplex scanning.
MATERIALS AND METHODS
Pilot study
In a preliminary study, duplex ultrasound scanning was
used to examine 45 carotid arteries in 25 consecutive
patients (17 men, 8 women; mean age, 66 years) who had
previously undergone angiography because of stenosis in at
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least one internal carotid artery. Patients were selected on
the basis of distribution of angiographic grade of carotid
stenosis: 0% to 49% stenosis in 20 patients and 50% to 99%
stenosis in 25 patients (50%-59%, 8 patients; 60%-69%, 2
patients; 70%-79%, 5 patients; 80%-95%, 8 patients; 96%-
99%, 2 patients). Five carotid arteries were excluded be-
cause they were occluded. An echo color Doppler scanner
(AU4-Idea Esaote; Biomedica, Florence, Italy) was used, in
conformity with the 93/42/EEC-Annex II Medical De-
vices Directive and which shares similar technical character-
istics with Acuson XP systems (Mountain View, Calif).
Consecutive measurements of peak systolic flow veloc-
ity (PSV) and end-diastolic velocity (EDV) were obtained
with a linear array 7.5 MHz probe, 50 mm width, with
pulsed-wave 4.7 MHz Doppler scanning (usually used in
carotid studies) and a convex array 3.5-MHz probe, 40R
sweep, with pulsed-wave 2.8 MHz Doppler scanning (usu-
ally used in abdominal studies). Measurements were made
at the site of stenosis or, in the absence of stenosis, at the
portion of the internal carotid artery beyond the bulb
expansion. A 60-degree angle of incidence of the Doppler
scanning signal was maintained, with a 60-degree angular
correction and a 1 mm wide sample volume. PSV and EDV
values obtained with the two probes were expressed as
mean  95% CI and were compared with the mean of the
Student paired t test. Technical agreement was assessed
with the formula: 1 - (SD of differences/100). Technical
agreement of 1.0 indicated complete agreement between
the measured values, and 0.0 indicated casual agreement.
Both the overall measurements and separately the catego-
ries of 0% to 49% stenosis and 50% to 99% stenosis were
statistically analyzed, because PSV and EDV variations may
be nonlinear in severe stenosis.
General study
Patient selection. Between March 1, 1997, and Feb-
ruary 28, 2002, 789 patients underwent ultrasound duplex
scanning of the supra-aortic vessels and subsequently un-
derwent arteriography. For blinded interpretation of du-
plex scans, 156 patients were excluded because they had
undergone angiography before duplex ultrasound scan-
ning. Another 134 patients were excluded because they
refused to undergo angiography or because it was per-
formed more than 30 days after duplex ultrasound scan-
ning. In 7 of the 499 enrolled patients (1.4%), angiography
was not accomplished because of periprocedural complica-
tions: 2 patients (0.4%) died; 2 patients sustained a nonle-
thal cerebrovascular accident (stroke); and 3 patients had a
nonlethal reaction to the contrast medium. Three patients
were excluded because the angiographic procedure was not
considered technically adequate.
Thus the study included 978 carotid arteries in 489
patients (346 men, 143 women), ages 22 to 84 years
(median age, 66 years), who had not previously undergone
angiography. Patients were preselected at duplex ultra-
sound scanning and examined with angiography within the
subsequent 30 days.
Duplex ultrasound assessment. All duplex scanning
was performed by the same experienced operator (G.L.) or
under his direct supervision, with the same methods as used
in the pilot study. At standard evaluation (method A) the
linear array 7.5 MHz transducer with pulsed-wave 4.7
MHz Doppler ultrasound scanning was used. All patients
underwent complete B-mode imaging and color-flow map-
ping of the distal segment of the brachiocephalic artery, the
common, internal, and external carotid arteries, and the
subclavian and vertebral arteries. All arteries were scanned
in anterior, lateral, and posterolateral sagittal views and
transverse view. Doppler wave spectrum analysis was per-
formed at several sites, and PSV and EDV were recorded
along the common carotid artery, the carotid bulb, and the
accessible tract of the internal carotid artery. At each exam-
ination the presence or absence of calcifications causing
extensive (1 cm) acoustic shadowing15 was recorded. The
ultrasound duplex scanning criteria used in this study for
grading monolateral internal carotid stenoses are reported
in Table I. The values reported in the table were initially
derived from the literature13,14,16 and subsequently vali-
dated in our angiology laboratory according to the recom-
mendations of the Italian Society for Vascular Diagnostics.
According to Moneta et al,13 carotid lesions were assigned
to a category of stenosis when both PSV and EDV were
within the range of that category. In the presence of occlu-
sion or stenosis of 70% or greater of an internal carotid
artery, the contralateral lesions were classified according to
slightly modified quantitative criteria (Table I). The thresh-
Table I. Duplex scanning criteria for internal carotid stenosis grading
Strenosis
category (%)*
Monolateral Contralateral to 70% stenosis
PSV (cm/s) EDV (cm/s) PSV (cm/s) EDV (cm/s)
50-59 140 40 160 45
60-69 250 70 280 80
70-79 330 110 370 120
80-95 330 140 370 155
96-99 String flow String flow String flow String flow
Occlusion Absent flow Absent flow Absent flow Absent flow
*Carotid lesions were assigned to a category of stenosis when both PSV and EDV fell within the range of that category. For example, stenosis with PSV260
cm/s and EDV 80 cm/s was classified as 60%-69%; stenosis with PSV 240 cm/s and EDV 80 cm/s was classified as 50%-59%.
PSV, Peak systolic velocity; EDV, end diastolic velocity.
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old value of 70% was chosen because at this degree of
stenosis cerebral hemodynamics change significantly,17 af-
fecting the circulation in the contralateral carotid axis,
increasing Doppler wave velocity. The criteria for classifica-
tion of contralateral stenosis were applied in evaluation of
348 (35.6%) internal carotid arteries. In clinical practice the
results obtained with method A were used to write the
diagnostic reports, and therefore they guided the selection
of patients needing angiography.
In method B, each patient underwent duplex ultra-
sound scanning with a convex array 3.5 MHz transducer
with pulsed-wave 2.8 MHz Doppler scanning. B-mode
imaging and color-flow mapping of the common carotid
artery, the bifurcation, and the accessible tract of the inter-
nal carotid artery were performed in the sagittal view, and
new PSV and EDV measurements were obtained on the
Doppler signal at the sites considered critical for carotid
stenosis. A diagnosis of carotid stenosis was based on data
from both linear 7.5/4.7 MHz and convex 3.5/2.8 MHz
scanning. Carotid stenosis was graded on the basis of the
highest values for PSV and EDV measured with the convex
probe with the same quantitative criteria reported in Table
I.
Neurologic evaluation and angiography. All study
patients underwent neurologic examination and imaging of
the brain with computed tomography or magnetic reso-
nance imaging within the month preceding duplex scan-
ning or within the subsequent 30 days. All examinations
were performed by the same neurologist (R.C.), who was
blinded to the purpose of the study, or under his direct
supervision.
Symptomatic carotid disease was diagnosed in patients
with neurologic focal signs suggestive of stroke or transient
ischemic attack within the previous 180 days or in patients
with nonfocal signs without neurologic symptoms in the
previous 180 days when ischemic lesions were found in the
hemisphere corresponding to the diseased carotid artery at
computed tomography or magnetic resonance imaging,
because patients with silent stroke (ischemic lesions in mute
cerebral areas) are at the same risk for stroke due to carotid
stenosis as are patients with symptoms.18 Thus asymptom-
atic carotid disease was diagnosed in patients without focal
cerebral signs and without cerebral imaging results consis-
tent with carotid lesions.
Arteriography was performed predominantly (474 pa-
tients) with intra-arterial digital subtraction, after percuta-
neous catheterization of the right femoral artery with a 5F
catheter sheath. After placement of a pigtail catheter in the
ascending aorta, the aortic arch and origin of the supra-
aortic branches were examined, followed by selective exam-
ination of the common carotid arteries, with at least two
serial radiographs, in frontal and lateral views, respectively.
When needed, additional serial radiographs in oblique
views were obtained. Additional serial radiographs of the
intracranial vessels were acquired in all patients. In a small
number of patients (15) in whom femoral access was not
available, transaxillary or transbrachial access was used, with
nonselective study of the supra-aortic vessels. All arterio-
grams were evaluated by the same experienced neuroradi-
ologist (S.T.) and by the same vascular surgeon expert in
angiography evaluation (B.C.). In cases of substantial in-
consistencies between the two interpretations of the same
angiograph, the opinion of a third surgeon (M.C.) expert in
angiography evaluation was final.
According to criteria used in the North American
Symptomatic Carotid Endarterectomy Trial (NASCET)
and Asymptomatic Carotid Atherosclerosis Study
(ACAS),1-3 the diameter of the remnant lumen in the site of
maximal stenosis and the diameter of the normal segment
of the internal carotid distal to the bifurcation were mea-
sured. Degree of carotid stenosis was calculated with the
equation: (1 - Lumen diameter at stenosis/Distal lumen
diameter)  100. Moreover the distal extension of the
point of maximal stenosis of the internal carotid artery was
measured, and the presence of kinking of the internal
carotid according to the criteria reported by Wain et al10
(60 degrees of angulation) was recorded.
Statistical analysis. The results of stenosis grading
were inserted in a 7 7 matrix and the K statistic was used
to estimate agreement between duplex ultrasound scanning
and angiographic results within categories. To compare
methods A and B, 95% CI of K were calculated. Misdiag-
noses at duplex ultrasound scanning versus angiography
were counted. The 2 test for 2 3 contingency tables was
used to compare the number of correct grading evalua-
tions, underestimation and overestimation errors of
method A and method B in internal carotid arteries with
kinking, and stenosis with distal extension more than 20
mm from the bulb, considering as the standard of compar-
ison the angiograms of the 978 carotid arteries. In further
analysis, arteries with kinking or distal plaque at angiogra-
phy (257) were excluded to prevent their confounding
effect, and the two methods were compared to consider
presence or absence of echographic acoustic shadowing.
Moreover, 2  2 contingency tables were used to assess
sensitivity, specificity, positive predictive value, negative
predictive value, and diagnostic accuracy of each of the two
methods (A and B) for all 978 examinations versus each of
the following binary categories of angiographic findings:
carotid stenosis 50% or greater, 60% or greater, 70% or
greater, 80% or greater, or 96% or greater; and absence or
presence of carotid occlusion. Carotid arteries were further
classified according to neurologic symptoms and results of
angiography, as follows: presence of NASCET2 and ACAS3
criteria for consideration for endarterectomy (symptomat-
ic, 50%-99% internal carotid stenosis; asymptomatic, 60%-
99% stenosis) and absence of NASCET/ACAS criteria
(symptomatic, 50% internal carotid stenosis; asymptom-
atic, 60% internal carotid stenosis; carotid occlusions).
The diagnostic indexes of accuracy obtained with the two
methods were compared with the z score for comparison
between proportions.
RESULTS
Table II shows the results of ultrasound duplex scan-
ning in the pilot study. No significant differences emerged
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between PSV and EDV values measured with the two
different transducers, either when considering all the exam-
ined carotid arteries together or the two degrees of stenosis
(50% and 50%-99%). Technical agreement was high.
Distribution of the categories of carotid disease mea-
sured at angiography compared with those estimated at
ultrasound duplex scanning with methods A and B are
respectively reported in Tables III and IV. Diagnostic
agreement with angiography was significantly higher with
method B (K 95% CI, 0.87-0.93) than with method A (K
95% CI, 0.79-0.85) (P  .05). In interpreting Tables III
and IV, it is clear that the difference in the two methods is
less overestimation of stenosis severity with method B.
Table V shows the misdiagnoses with the two methods for
each category of carotid disease. Overall, 138 misdiagnoses
resulted with method A (45 underestimations, 93 overes-
timations) and 80 with method B (25 underestimations, 55
overestimations). As shown in Table VI, the presence of
kinking was detected at angiography in 202 of 978 arteries
(20.6%), with a significantly lower number of diagnostic
mistakes in this group with method B than with method A
(P  .022), mainly because of a lower number of overclas-
sifications (16 vs 34). For distally extended stenosis (55 of
978, 5.6%), method B produced fewer mistakes (P .008),
for a substantial reduction in underclassification (3 vs 15).
Extensive acoustic shadowing was found in 58 of 721
carotid arteries studied with ultrasound scanning, with
significantly fewer grading mistakes with method B than
Table II. Duplex scanning values for peak systolic velocity and end-diastolic velocity measured with linear 7.5/4.7
MHz probe vs convex 3.5/2.8 MHz probe
Angiographic category 7.5/4.7 Probe* 3.5/2.8 Probe* P† Technical agreement
Peak systolic velocity (cm/s)
Total (n  45) 200.6  45.3 201.5  45.2 .529 (.599) 0.923
0%-49% (n  20) 77.5  13.0 78.7  11.4 .452 (.656) 0.916
50%-99% (n  25) 299.12  56.3 299.7  56.5 .283 (.779) 0.929
End-diastolic velocity (cm/s)
Total (n  45) 77.2  21.9 77.5  20.2 .259 (.797) 0.931
0%-49% (n  20) 30.0  3.7 29.7  4.0 .305 (.763) 0.965
50%-99% (n  25) 114.9  27.2 115.8  28.6 .399 (.693) 0.924
*Values represent mean  95% confidence interval.
†Student t test.
Table III. Comparison between angiography and duplex scanning (method A) classification of internal carotid lesions
Duplex scanning
category (%)
Angiographic category (%)
0-49 50-59 60-69 70-79 80-95 96-99 100 Total
0-49 334 8 4 1 0 0 1 348
50-59 8 55 14 3 0 1 0 81
60-69 5 15 97 5 2 0 0 124
70-79 2 5 19 128 3 1 0 158
80-95 0 2 7 16 129 0 1 155
96-99 0 1 2 2 3 30 1 39
100 0 0 0 0 1 5 67 73
Total 349 86 143 155 138 37 70 978
K  0.82; 95% CI, 0.79-0.85.
Table IV. Comparison between angiography and duplex scanning (method B) classification of internal carotid lesions
Duplex category
(%)
Angiographic category (%)
0-49 50-59 60-69 70-79 80-95 96-99 100 Total
0-49 342 5 3 0 0 0 0 350
50-59 3 69 8 2 0 0 0 82
60-69 3 7 112 2 1 0 0 125
70-79 1 3 14 140 2 0 0 160
80-95 0 2 5 10 132 1 0 150
96-99 0 0 1 1 2 34 1 39
100 0 0 0 0 1 2 69 72
Total 349 86 143 155 138 37 70 978
K  0.90; 95% CI, 0.87-0.93.
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with method A (P  .006), for less overestimations (3 vs
13). (Among the 10 mistakes, 3 arteries had been found
occluded with method A and then were correctly classified
as 100% stenosis with method B, and 4 had been diag-
nosed as 96%-99% stenosed with method A and then rec-
ognized as 96% stenosed with method B). For arteries
without kinking, distal stenosis, or nonacoustic shadowing,
663 cases (67.8%) demonstrated higher accord with angio-
graphic findings with method B (P  .027) than with
method A, with a tendency toward fewer underestimations
(7 vs 25), as shown in Table IV. Table VII reports the
results of comparison of duplex ultrasound scanning with
angiography for each binary category of angiographic grad-
ing of stenosis. All indexes of sensitivity, specificity, positive
and negative predictive values, and diagnostic accuracy
were higher with method B than with method A. Compar-
ison between accuracy of the two methods showed statisti-
cally significant differences for the diagnosis of internal
carotid stenosis 50% or greater, 60% or greater, 70% or
greater, and 80% or greater, but not for the diagnoses of
stenosis 96% or greater or for occlusion.
On the basis of the neurologic results, 275 carotid
arteries were defined as symptomatic (28.1%) and 703 as
asymptomatic (71.9%). By matching the results of angiog-
raphy with those of neurologic evaluation, 482 carotid
arteries (49.3%) were classified as eligible for endarterec-
tomy according to NASCET/ACAS criteria; 496 carotid
arteries (50.7%) did not fit those criteria. Table VIII shows
the results of the comparison between duplex scanning
estimations and this classification. All indexes of sensitivity,
specificity, positive and negative predictive values, and di-
agnostic accuracy were greater with method B than with
method A. Comparison between accuracy of the two meth-
ods showed a statistically significant advantage for method
B versus method A (P  .014).
DISCUSSION
The results of this study confirm the validity of ultra-
sound duplex scanning for screening and preoperative di-
agnosis of internal carotid stenosis.6,13,14,16 Comparison of
the standard technique (method A) and angiography
showed high diagnostic agreement in grading of carotid
disease and good diagnostic accuracy. The primary techni-
cal result emerging from this study is that additional exam-
ination with a convex array transducer with lower than
usual frequency (method B) improves diagnostic perfor-
mance of duplex scanning. This method demonstrated
higher diagnostic agreement with angiography, because of
substantial reduction in misdiagnosis, ie, both underesti-
mation and overestimation of the degree of stenosis. There
is a tendency to overestimate severity of stenosis with
duplex scanning compared with angiography,12 which was
confirmed in this study with both methods used. However,
we observed a reduction in overestimation of stenosis se-
verity with the additional use of the lower frequency trans-
ducer. Diagnostic accuracy of method B was greater in all
binary categories of stenosis severity: 50% or greater, 60%
or greater, 70% or greater, and 80% or greater. All quanti-
tative criteria considered today as indications for carotid
endarterectomy1-3,19 fall within these categories, and con-
sequently method B proved significantly more accurate in
selection of patients eligible for surgery according to
NASCET/ACAS clinical and angiographic criteria. In clin-
ical practice the indication for surgery does not depend only
on degree of stenosis, and use of clear-cut threshold values
is not realistic; nevertheless, severity of carotid disease
remains a fundamental factor.
Doppler criteria used in our laboratory for grading of
internal carotid monolateral and bilateral stenoses have
been validated against NASCET angiographic methods,
according to the recommendation of the National Society
for Vascular Diagnostics of Italy and of The Society for
Vascular Surgery.20 Therefore our results should not be
compared with those of studies that used criteria from the
European Carotid Surgery Trial,4 because the two methods
of angiogram interpretation are not linearly correlated.2,19
In the present study, duplex ultrasound scans were inter-
preted by clinicians blinded to the results of angiography.
Thus in patients undergoing bilateral surgery only the first
preoperative examination was considered (permitting
blinded evaluation). To prevent preliminary exclusion of all
patients with bilateral lesions, we applied slight correction
of PSV and EDV values in patients with contralateral le-
sions with 70% or greater stenosis.17 Patients with bilateral
stenoses always underwent repeat duplex scanning between
the first and second endarterectomies, because a single
examination with duplex scanning, even with corrected
PSV and EDV values, may not be sufficient for planning
bilateral endarterectomy, inasmuch as the amount of cor-
rective increase in velocity cannot always be pre-
defined.16,21 In theory, this could have affected compari-
son of duplex ultrasound scanning with angiography,
inducing a false estimation of the number of bilateral le-
sions, but could not affect comparison of method A with
method B. In the present study the only parameters evalu-
ated were PSV and EDV, since both our experience and
data from the literature13 have shown them to provide the
most accurate grading of carotid stenosis. Other commonly
Table V. Diagnostic errors in classification of degree of
carotid stenosis with method A and method B vs
angiography
Method
Angiographic disease category (%)
0-49 50-59 60-69 70-79 80-95 96-99 100
Total
A 15 31 46 27 9 7 3
B 7 17 31 15 6 3 1
Under classification
A — 8 18 9 5 2 3
B — 5 11 4 3 1 1
Over classification
A 15 23 28 18 4 5 —
B 7 12 20 11 3 2 —
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used parameters such as velocity ratio (internal carotid PSV
vs common carotid PSV) can be addressed in future studies.
Results of duplex scanning can vary substantially ac-
cording to operative conditions.22 In our pilot study we
used Doppler scanning to measure stenosis at sites already
detected with angiography, and the results showed great
technical agreement between the two different duplex scan-
ning probes in the categories of 0% to 49% stenosis and 50%
to 99% stenosis. Nevertheless, the two probes have different
physical characteristics, which can cause significant differ-
ences between Doppler scanning results when the operator
is blinded to angiographic findings. Therefore, although in
Table VI. Comparison between diagnostic errors with method A and method B in classification of carotid stenosis in
presence or absence of kinking, distal stenosis, or acoustic shadowing
Method
Correct
grading
Under
classification
Over
classification P*
Kinking† (n  202) A 158 10 34 7.610 (.022)
B 177 9 16
High stenosis† (n  55) A 39 15 1 9.600 (.008)
B 51 3 1
Acoustic shadowing‡§ (n  58) A 26 19 13 10.366 (.006)
B 41 14 3
Absence of above conditions‡§ (n  663) A 617 21 25 7.192 (.027)
B 629 7 27
*2 text.
†Angiographic finding.
‡Ultrasound finding.
§The 202 carotid arteries with kinking and 55 carotid arteries with distal stenosis were excluded from echographic evaluation.
Table VII. Comparison of results with methods A and B vs angiography in diagnosis of grade of internal carotid artery
stenosis
Duplex scanning PPV NPV Sensitivity Specificity
Diagnostic
accuracy z score P*
Diagnosis of stenosis 50%
A 0.976 0.960 0.978 0.957 0.970 2.084 .037
B 0.989 0.977 0.987 0.980 0.987
Diagnosis of stenosis 60%
A 0.945 0.944 0.956 0.931 0.945 2.628 .009
B 0.971 0.970 0.976 0.962 0.970
Diagnosis of stenosis 70%
A 0.911 0.976 0.968 0.934 0.948 2.092 .036
B 0.938 0.991 0.988 0.955 0.968
Diagnosis of stenosis 80%
A 0.888 0.989 0.967 0.958 0.961 2.055 .040
B 0.927 0.996 0.988 0.974 0.978
Diagnosis of stenosis 96%
A 0.920 0.995 0.963 0.990 0.987 1.363 .173
B 0.955 0.998 0.991 0.994 0.994
Diagnosis of occlusion
A 0.917 0.996 0.943 0.993 0.990 1.320 .187
B 0.958 0.998 0.986 0.997 0.996
PPV, Positive predictive value; NPV, negative predictive value.
*Comparison between proportion of accuracy of method A vs method B.
Table VIII. Comparison of accuracy with method A and method B at duplex ultrasound scanning vs clinical and
angiographic indications for endoarterectomy (n  978)
Duplex
scanning PPV NPV Sensitivity Specificity
Diagnostic
accuracy z score P*
Method A 0.937 0.959 0.959 0.938 0.948 2.465 .014
Method B 0.965 0.978 0.997 0.966 0.971
PPV, Positive predictive value; NPV, negative predictive value.
*Comparison between proportion of accuracy of method A vs method B.
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the subsequent general study we used the same quantitative
Doppler grading criteria for the two transducers, the con-
vex array probe was used to implement the data obtained
with method A and not as a substitute for the standard
linear transducer.
The 7.5 MHz linear array probe enables good image
rendering and magnification, providing detailed images of
the carotid artery walls at the level of common carotid
artery, the bulb, and the first segment of the internal and
external carotid arteries. It can detect even very small
plaques, and enables the operator to precisely point the
Doppler signal at the sites of stenosis. Such characteristics
are not shared by the 3.5 MHz convex array probe, which
is not suitable for studying small plaques and their charac-
teristics, but it has some advantages due to more powerful
ultrasound emission and to its curved conformation. It
provides wider visualization of the vascular axis, ie, better
view of the most proximal segment of the common carotid
artery and the most distal segment of the internal carotid
artery, as well as more precise detection of distally extended
stenoses, differentiation between atherosclerotic stenoses
and kinking or other abnormalities, and more accurate
evaluation of stenoses due to calcific plaques causing acous-
tic shadowing. These are the morphologic conditions that
most frequently require preoperative angiography because
of poor quality of duplex ultrasound scans.8
A significant reduction in overestimation of stenosis in
arteries with kinking was obtained with method B. This
result may be due to the greater precision in obtaining a
60-degree angle of insonation in tortuous arteries. In such
cases the site where the arterial course becomes deeper in
the neck often is poorly visualized with a linear high-
frequency transducer, which may cause imprecision in ob-
taining a correct angle of insonation (60°) and overesti-
mation of flow velocity. The lower frequency convex
transducer, providing wider visualization of the kinked
carotid artery, enables the operator to obtain a more precise
angle of insonation and a more correct estimation of veloc-
ity.23 In cases of distal stenosis, use of method B resulted in
significant reduction in underestimation mistakes. In-
sonation at the site of maximal stenosis may be difficult in
the distal tract of the internal carotid artery with a linear
transducer, because correct positioning of the probe may
be hampered by the jawbone. Use of the convex transducer
can obviate this situation, enabling better visualization of
the distal internal carotid artery. Presence of extensive
acoustic shadowing can limit the accuracy of duplex scan-
ning.15 Inasmuch as reduction in ultrasound wave penetra-
tion because of calcifications is directly proportional to
ultrasound frequency and inversely to emission power,24 a
convex transducer, with better ultrasound wave penetra-
tion, enables more precise Doppler scanning in the residual
lumen and better differentiation of occlusions, subocclusive
stenosis (96%-99%), and lower grade stenosis. Moreover, it
makes exclusion of false diagnoses of carotid occlusion
easier, because of better insonation of the tract distal to the
acoustically shadowed segment. However, a significant re-
duction of diagnostic mistakes with method B was also
found in the absence of kinking, distal plaques, or acoustic
shadowing. This could be due to better performance in
other conditions, not systematically recorded in this study,
such as short neck or abundant soft tissue of the neck.
In conclusion, the results of this study suggest that it is
possible to detect and quantify carotid stenoses not found
at standard duplex ultrasound scanning with use of the
second probe. This is particularly useful in cases of kinking,
distal stenosis, and wide acoustic shadowing (32.2% of all
arteries in this study). In clinical practice we suggest addi-
tional use of a lower frequency transducer in all cases in
which these three conditions are found or suspected at first
scanning, and it could help in other “technically difficult”
duplex ultrasound examinations. Additional scanning of
the carotid axis implies a slight increase in examination
time, because the operator is guided by the results of the
previous standard scanning, but this is outweighed by the
need for high-quality duplex scans in the preoperative
phase.12 The use of two ultrasound probes does not neces-
sarily imply increased financial burden, because a 3.5 MHz
convex probe is commonly used in vascular diagnostic
laboratories to study abdominal vessels.
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